There are many applications which require continuous positioning in combined outdoor urban and indoor environments. For a long time GNSS has been used in outdoor environments while indoor positioning is still a challenging task. One of the major degradations that GNSS receivers experience indoors is the presence of multipath. The current paper analyzes several available multipath mitigation techniques which would be suitable for indoor applications. Some of these techniques are described in more details. A few deconvolution based techniques such as the Projection Onto Convex Sets and the Deconvolution Approach are focused on and some tests are performed to show how they work. It is shown which advantages these techniques have over the conventional techniques. The wide range of tests show how these techniques work under ideal conditions, with simulated signals in different environments and in real world using data from high-end GNSS front-end.
Introduction
Indoor positioning applications are becoming more and more popular. Some examples are: finding goods in a shopping mall, guiding blind pedestrians or even navigating firefighters in a burning house. However, today we do not have solutions which offer simple and seamless positioning outdoors and indoors without creating infrastructure or mapping the location beforehand (see Table 1 ). For example, most inertial sensors (accelerometers and gyros) or optical systems (lasers and cameras) offer accurate relative positioning. Such systems only work autonomously for a short period of time before they lose information about absolute position and must be readjusted. To perform the readjustment one needs either to establish some infrastructure or to use already available systems (e.g. mobile communication networks or GNSS). Wireless solutions such as WiFi, Bluetooth or RFID need infrastructure like any ultrawideband (UWB), ultrasound or pseudolite based techniques. Mobile communication networks are widely available, but accuracy is still insufficient for accurate outdoor and indoor positioning.
GNSS would be the best solution, because it offers absolute positioning everywhere in the world and it is already widely used in many smart phones and even watches. Unfortunately, GNSS was designed to operate in open sky conditions and thus, it works poorly in urban or indoor environments. In these harsh working conditions, GNSS need to be augmented by the use of assisted-GNSS (A-GNSS) [Monnerat 2008 ], highsensitivity (HS) techniques [Seco-Granados et al. 2006] and other improvements such as differential positioning [Mautz 2009 ]. Nevertheless, even using the best techniques we cannot use GNSS indoors alone. The best method would be to combine GNSS with other techniques which can provide sufficient accuracy indoors, but which cannot determine absolute position on their own. For example, GNSS tightly integrated with inertial and/or optical sensors would allow us to seamlessly navigate indoors and outdoors. 
GNSS Errors
In this paper we look at how to improve GNSS performance indoors. Most GNSS related errors can be mitigated by using differential corrections, coming for instance from DGPS or SBAS system, but multipath is a local phenomenon and depends on the local environment. Multipath error is currently the largest error source in GNSS and it is widely studied, but the focus has almost always been put on outdoor cases. Therefore indoor GNSS is a rather new topic. The first high sensitivity hardware receivers were introduced on year 2000 [van Diggelen 2009 , van Diggelen & Abraham 2001 , while availability of these receivers started to emerge only around the end of 2005 [Global Locate 2005] .
The indoors multipath situation is different than outdoors and this must be taken into account. Most of the algorithms we looked at were designed for outdoor usage. For this scenario it is generally assumed that the line of sight (LOS) signal is always present and no more than three secondary paths exist in the channel. Indoors this situation is rare. There are more signal reflections/ diffractions and distances between objects are also smaller. Thus there will be more secondary paths present in the channel. There can be situations where even no LOS signal and only secondary paths exist. For example, LOS signal arriving through a concrete wall will be attenuated by 12-43 dB [van Diggelen 2009] , while a secondary path reflected from some object and arriving through the window will be attenuated by only 1-4 dB. Therefore, in our study we assume that:
 LOS signal is not always present  There may be more than three secondary paths  The secondary paths may be close to each other
Multipath Mitigation Algorithms
We looked at many already available algorithms which could be useful for mitigating multipath indoors. Our search included algorithms that prevent multipath to enter the receiver, by using special antenna designs, as well as algorithms dealing directly with receiver measurements such as pseudoranges and carrier phases, and finally techniques based on special tracking loops.
Special antenna designs (choke-ring, and multi-array antenna) are only useful for outdoor multipath mitigation, primarily because we need to have the LOS signal. An interesting technique suggests using two antennas where one is right hand circularly polarized (RHCP) and the other is left hand circularly polarized (LHCP) [Manandhar & Shibasaki 2004] . The RHCP antenna is needed if we want to receive the LOS signal, but if the signal is reflected once, its polarization changes and only LHCP antenna will be able to receive that signal. When the secondary path is received in conventional (RHCP) antenna, it is already reflected at least twice. It would be beneficial to use both antennas for indoor applications.
In the measurement domain it is difficult to do anything with multipath, because most of the information you need to extract is already lost. The most famous technique is probably the Receiver Autonomous Integrity Monitoring (RAIM) system. It cannot mitigate multipath, but it can prevent the user from using satellites whose LOS signal is not available and secondary paths may have too large delays to be useful for the position computation. This is also one of the methods used today in indoor GNSS receivers to fight multipath [van Diggelen 2009] . [Fenton & Jones 2005 , Hurskainen et al. 2008 Modified RAKE DLL (MRDLL) [Sleewaegen & Boon 2001 , Chang & Juang 2008 , Lohan et al. 2006 ] Enhanced Strobe Correlator [Garin & Rousseau 1997 , Garin 2005 The tracking loop based techniques are the most popular and this is where we focus. We have looked at more than 30 state-of-the-art multipath mitigation algorithms (refer to Table 2 ) and concluded that most algorithms are developed more than five years ago and do not support indoor environments. As we have already mentioned most algorithms require that a LOS signal is present at all times and that there is up to three secondary paths in the channel. We found only a few algorithms which could deal with this situation indoors. The first algorithm we want to mention was proposed by Chun Yang et al. It transforms all the processing of the GNSS receiver from the time domain to the frequency domain [Yang & Porter 2005a , Yang & Porter 2005b . For signal detection and delay estimation it uses the impulse response rather than the correlation function. The conclusion is that the presence of multipath components has no effects on the timing of the direct signal, because they are isolated in time. Each secondary path can be identified from the channel impulse response provided that the signal bandwidth and sampling frequency are high enough. This would yield an impulse response with sufficient resolution to distinguish closely spaced signal replicas.
Similarly to frequency domain techniques, deconvolution based techniques use impulse response estimation to separate all secondary paths in the channel. For many years deconvolution type algorithms were used in other fields where closely separated paths were of interest (ocean acoustics and processing of seismic signals). According to [Kostic et al. 1992 ] the main advantages of deconvolution based techniques are 1) very good resolution in multipath component separation, 2) exact estimation of multipath arrival times, and 3) accurate estimates of attenuation factors.
Multipath is dynamic indoors and the situation may change quickly depending on the environment. The new secondary paths may appear and the old ones disappear as the time goes on. The only thing which is not changing as quickly is the LOS signal. If we could find the LOS signal and to lock on it, then even when it is much weaker than the other paths in the channel we could use it for better time of arrival estimation.
In indoor applications there may be several secondary paths and they may be closely spaced in time. Using deconvolution based techniques we could extract each path. In this case we could select the first available path as our LOS signal regardless if it is the actual LOS or the first arrived secondary path. In many situations of indoor usage, the LOS may not be available and thus the first arrived secondary path would be the closest guess. Many conventional algorithms that work with correlator output may fail in these cases. The typical estimate using those techniques is to find the highest magnitude in correlator output or to look at the shape of it. This may lead to the larger estimation error than using deconvolution based techniques, because the first arrived path may not be the strongest one.
To know more about multipath indoors we selected deconvolution based techniques for the further study. We looked at two deconvolution based algorithms the Projection Onto Convex Sets (POCS) [Lohan et al. 2009 ] and the Deconvolution Approach (DA) [Kumar & Ahmad 2004 , Kumar & Lau 1996 .
POCS
We define the incoming signal
where N is the number of paths, α is the path attenuation factors ( 0 α 1 ), u t is the original transmitted signal, t is the k-th path delay (or signal arrival time), and n t is the additive noise usually assumed to be zero-mean white Gaussian..
Our model of the multipath channel and its relation to channel impulse response is
where y t is the matched filter or correlator output, h is the channel impulse response, and g t is the autocorrelation function of PRN code.
To estimate the channel impulse response we rewrite (2) as a vector-matrix equation (3) where is the matrix where each row is the autocorrelation function g t shifted by k steps for k 1: N, is a vector of length N.
We use the following equation to estimate the impulse response
Here is the identity matrix, σ is the estimated noise variance.
The typically solution is found by iteration.
where i is the iteration number and is initialized by taking appropriate values from , depending on the chosen area to investigate multipath. At the end the difference between and is minimized.
The estimation of multipath channel impulse response is a typical example of signal deconvolution, however the POCS algorithm goes further by estimating the multipath components in a channel by introducing constraints. Generally, the constraints are a priori information about the environment, signal properties or any other parameter which can help us to minimize the estimation error. The constraint is formed as a set with the condition that the actual estimate is a member of that set. The constraint set is projected onto the initial estimate to improve it. There can be many constraints projected to the estimate, but all constraint sets should form a new set, which is basically the intersection of all constraint sets and the actual estimate. Any member of this new set then can become a solution to the problem which will satisfy all defined constraints.
Some examples of constraints could be simpler such as the range of possible delays (e.g. we limit the results to be looked at only in a window around the position of estimate with the maximum magnitude), threshold for the minimum allowed estimate magnitude [Lohan et al. 2009 ], or there can be more complicated constraints such as a real-valued constraint [Kostic et al. 1992 ].
We show an example how to apply a constraint to limit the range of possible delays. If we call the constraint P , then we can write it like this:
where h is the m-th element of an estimate , is the estimate position where it has maximum magnitude, and τ is the maximum distance from τ we want to limit our solution to. Now we have to project the estimate to the constraint after each iteration:
After this operation will be zeroed in all positions which fall outside of selected range.
A typical issue in GNSS is to estimate the LOS signal. In this case the solution would be to find the value in with the highest magnitude. Using POCS it is also possible to estimate the other paths, their attenuation factors and delays, but then the constraints have to be specified properly.
In Fig. 1 we demonstrate the difference between POCS without any constraints and with one delay range constraint as it was shown in (6) with τ 0.25 (chip). Furthermore, we look at the benefits by using POCS algorithm compared to a traditional matched filter approach. Fig 2. shows the situation where some signals are 180° phase-shifted and are causing destructive interference to the matched filter. POCS, however, is able to distinguish separate paths and estimate LOS signal. In case of indoor multipath it was important to see if POCS can distinguish between closely spaced paths. One of the main parameters here is the signal sampling frequency Fig. 3 shows POCS output using different sampling frequency values. In this test we have a LOS signal and 10 secondary paths, each spaced 0.1 chip. This test shows that only with sampling frequency equal to or greater than 100 MHz, the LOS was successfully identified. In Fig. 4 we try to show how far POCS can go by using 1.5 GHz sampling frequency and in this case we could distinguish between 2 paths which are only 0.025 chip away (corresponding to a distance of approximately 7 meters). 
Deconvolution Approach
The underlying idea of Deconvolution Approach algorithm is similar to POCS, but the implementation differs. POCS algorithm is more universal and one may adjust it to suit different situations while the DA is defined with one purpose -to estimate LOS. For example, with POCS separate paths can be estimated by applying custom constraint sets.
In this paper we concentrate more on deconvolution itself rather than on specific algorithm, so here we will not show how the DA is implemented, but will show only the algorithm to see the difference from POCS algorithm. We have detailed the implementation of DA algorithm before in our previous papers [Dragūnas 2010 , Dragūnas & Borre 2010 . Also refere to DA author papers [Kumar & Ahmad 2004 , Kumar & Lau 1996 , Kumar & Lau 1999 .
Below is the algorithm for DA [Kumar & Lau 1999 ]: 1. Get measurements from correlation process 2. Compute multiple channel impulse responses in the area of interest 3. Find the best channel impulse response which matches the measurements 4. Compute deconvolution filter coefficients 5. Remove the multipath by convolving the measurements with deconvolution filter coefficients 6. Find the code and carrier phase estimates and correct it in the tracking loop to obtain new measurements 7. Repeat the process until the correct LOS estimate is found
Simulations
This section presents simulation results. We already presented the concept of how deconvolution based techniques work by using ideal signals with no noise. Now we are presenting more realistic simulation using GPS signals.
The POCS and the DA algorithms estimate the channel impulse response which is the main step for both algorithms. If channel impulse response is estimated uncorrectly we will not achieve good results. Our simulation shows channel impulse response estimation using different signal parameters. We present three different signals in three test cases. The details are shown in Table 3 . The Case 1 scenario is shown in Fig. 5 . This case represents an ideal situation which one can obtain outdoors. Fig. 5 demonstrates that the channel impulse response is close to the ideal one. The Case 2 scenario is shown in Fig. 6 . This case represents a typical realistic situation outdoors. The situation is worse than previous case with a few additional peaks which should not be there, but the LOS can still be estimated without any problem.
The Case 3 scenario is shown in Fig. 7 . This case represents a situation typically obtainable in light indoor conditions. The situation is much worse than in the two previous cases. There are plenty of additional peaks which have significantly large magnitude and can be misdetected as actual paths. The LOS signal is also deformed and if one would search for the peak with maximum magnitude, one would find a wrong one. Looking at more tests with similar SNR shows that even more inconsistency in detecting the actual paths in the channel. 
Tests with real world data
In order to verify simulation results we looked for a possibility to record real world data. We had access to two low-end front-ends:  NordNav-R25 software GNSS receiver with L1 front-end  SiGe GN3S Sampler Both front-ends have 2 MHz bandwidth and up to 16 MHz sampling frequency. In the previous test under ideal conditions we showed that POCS capabilities strongly depend on sampling frequency (refer to Fig. 3) . Our previous simulations also relied on unlimited bandwidth, so before doing any real world tests we have to run a simulation to see what we can expect from our front-ends. In this simulation we used the same parameters as in our previous Case 3 simulation, just instead of 100 MHz sampling frequency we use 16 MHz, and instead of unlimited bandwidth we use 2 MHz prefiltering. The results are shown in Fig. 9 where we compare two signals. One is ideal signal with no noise and unlimited bandwidth (blue and magenta lines) while the other signal is showing what we would expect to get using our front-ends. Both signals are simulated using the same sampling frequency. The results are not good. POCS could not find the LOS signal correctly, nor separate any of the two secondary paths. Even though the ideal example shows that sampling frequency is not an issue in this case, but bandwidth limitation is. By prefiltering the signal we have got a smoothed matched filter output and also delayed the signal. POCS depends on the shape of correlator output and thus it had a hard time trying to estimate impulse response under these conditions.
Because of these poor results we decided to perform real world tests using a front-end with wider bandwidth. The one we found was made by Jordi Marin Garcia et al. at Universitat Autònoma de Barcelona (UAB) as a student project [García et al. 2009 ]. The receiver specifications are given in Table 4 . To see what we can expect from this front-end we have run the same simulation again (Case 3 -light indoors). This time we used unfiltered signal with 500 MHz sampling frequency. The results are shown in Fig. 10 . The results were better. The POCS have found the LOS signal, but it had problems finding the secondary paths. So far we have not found the reason and will need to do more simulations in the future.
The data collection with UAB front-end was done by the students who made it [García et al 2009] and we got their data only after actual process. We could not alter data collection process so we used the data as is.
The front-end is shown in Fig. 11 . During data collection it was connected to the antenna which was placed approximately 1 meter outside the window on the third floor. The test environment is shown in Fig. 12 .
This test shows POCS performance on 2 signals. One signal is from satellite PRN 11 and the other one is from satellite PRN 20. These satellites were chosen, because satellite PRN 11 has a direct view, while the PRN 20 doesn't, see Fig. 12 . Satellite PRN 20 is blocked by the building and the signal is significantly weaker than that one from satellite PRN 11. The results are shown in 
Conclusions and Future Work
We demonstrated two deconvolution based techniques which may provide a better way to fight multipath than was possible using conventional techniques. Our simulations also demonstrated that deconvolution based techniques have a potential to distinguish some of the secondary paths, even if they are close to each other. For real world data this feature was not functioning as expected, and we will have to work more to understand why.
For deconvolution based algorithms to work well it is neccessary that they satisfy some conditions. In our simulations we saw that simple front-end with narrow bandwidth is not suitable for such application. It is also important to use the highest possible sampling frequency to achieve better resolution in secondary path separation. However, we have experienced many situations where higher samling frequency does not help to achieve better results. This only works well under ideal conditions which we do not have in the real world.
Tests with simulated and real world data showed that deconvolution based techniques work well in outdoor conditions. Even though there were no secondary paths detected in real world test within a weak signal, the LOS signal was detected corectly in all signals we tested.
For indoor environments we have similar problems as using conventional techniques. In order to achieve something we need to have strong enough signal. Deconvolution based techniques strongly depend on the quality of matched filter output and to achieve that we need to use wide bandwidth (to avoid smoothing) and get good SNR. In many cases to achieve good SNR indoors the task is more chalanging than mitigating multipath. In our tests we integrate matched filter output for a few milliseconds to achieve better SNR values, but in real conditions this may not be enough. Relative Power
Matched filter output (SNR=27.11 dB) POCS output
